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Abstract 
The principle aim of this work is to simulate the invasion of two invasive 
mosquito species Aedes aegypti and Aedes albopictus in central Europe at a 
landscape scale. The spatial-temporal dynamics of invasion is investigated in 
dependence of predation pressure, seasonal variation of ambient temperature 
as well as human population density. The introduction of temperature de-
pendent entomological parameters enables the simulation of seasonal pattern 
of population dynamics. The influence of temperature, predation pressure and 
human population density on invasion is studied in one-dimensional cases. In 
two dimensions, georeferenced parameters such as annual mean temperature 
and human population density are prepared by a geographical information 
system and introduced into the finite element tool COMSOL Multiphysics. 
The results show that under the current temperature, central Europe cannot 
become a permanent breeding region for Aedes aegypti. However, southwest 
Germany especially the regions along the Upper Rhine Valley may provide 
suitable habitats for the permanent establishment of Aedes albopictus. An 
annual temperature rise of two degrees would lead to dramatic increase of in-
vasion speed and extension range of Aedes albopictus. 
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1. Introduction 
Vector-borne disease dengue fever is mainly transmitted by two invasive mos-
quito species: Aedes (Stegomyia) aegypti (L.) and Aedes (Stegomyia) albopictus 
(Skuse) [1]. Viruses of this disease can be transmitted from human to human 
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through the biting of infected female mosquitoes of both species. 
The primary vector of dengue fever Aedes aegypti is also known as the yellow 
fever mosquito, since it is well-known for the transmission of yellow fever virus. 
It came originally from Africa, but now it distributes widely in many tropical 
and subtropical regions around the world. Its domestic form feeds almost solely 
on human blood [2] and can use a broad range of artificial containers like cans 
or flower pots as its breeding sites, which facilitate its thrive in densely populated 
urban areas.  
Another important vector of dengue fever is Aedes albopictus. It came origi-
nally from Asia, and is also known as Asian tiger mosquito. It belongs to the top 
100 invasive species of the world [3]. The domestic form of Aedes albopictus 
shares similar ecological niches as Aedes aegypti. However, besides artificial 
containers it can also use a wide range of natural water containers such as tree 
holes or bamboo stumps as breeding sites [4]. Moreover, temperate strains of 
Aedes albopictus can survive the temperate climate in the form of diapausing 
eggs. Hence, besides tropical and subtropical regions it can also thrive in many 
temperate regions such as southern Europe. Recently, it is even found in central 
and northern European countries like Germany and the Netherlands [5] [6].  
The widely geographical distribution of these two mosquito species poses big 
threats to the public health worldwide. Even more concerns have been aroused 
nowadays, since these two species may extend their expansion range to less fa-
vorable regions as a result of climate change [7] [8] [9] [10].  
Since there is no dengue vaccine, and no commercial chikungunya vaccine is 
available [1], minimizing the population of these two mosquito species is the 
most effective way to avoid the outbreak of related vector-borne diseases. In or-
der to draw up effective mosquito control plans a good understanding of biology 
and habitat preference of these two species is necessary. Mechanistic models 
which consider the life cycles and dispersal of mosquitoes are useful tools to 
quantitatively analyze the spatial-temporal population dynamic of mosquitoes. 
Moreover, the effects of climate change on the range expansion of mosquitoes 
can be simulated.  
Several studies have already been carried out. Takahashi et al. [11] have de-
veloped a one-dimensional model to describe the dispersal dynamics of Aedes 
aegypti. The model system consists of two compartments, by which diffusion 
and advection of adult females were considered. Travelling wave solutions were 
obtained numerically. Yang et al. [12] have obtained temperature response func-
tions for different entomological parameters of Aedes aegypti based on temper-
ature-controlled experiments. Then, these functions were inserted into a com-
partment model to assess the influences of temperature on the population dy-
namics of Aedes aegypti. Richter et al. [13] have modified the model of Takaha-
shi et al. [11] by adding a predation term and introducing temperature depen-
dent reproduction rate. Moreover, by importing Geo-referenced model parame-
ters into a finite element tool, invasion of Aedes albopictus was simulated at a 
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scale of central Europe. Besides deterministic models mentioned above, stochas-
tic models have also been applied to simulate the population dynamics of mos-
quitoes. Otero et al. [14] have adopted a stochastic spatial model to describe the 
spatial-temporal dynamics of Aedes aegypti in Buenos Aires. The mean daily 
temperature variation was described by a simple cosinus function.  
Most of the above-mentioned mechanistic models were built in one-dimensional 
case. Variables like temperature were considered as spatially homogeneous. 
Moreover, many entomological parameters were assumed as temperature inde-
pendent. Additionally, many models are not suitable for application in temperate 
regions, since the seasonal temperature variation and overwintering strategy of 
mosquitoes were not taken into account, which may play decisive roles for the 
permanent establishment of mosquito in these regions. 
The aim of the present work is to simulate the invasion of Aedes agypti and 
Aedes albopictus in central Europe. The model system employed here is based 
on the compartment model of Richter et al. [13]. Besides reproduction rate, oth-
er entomological parameters such as mortality rate are modified as different 
temperature response functions based on the experiment data of Yang et al. [12]. 
In the work of Richter et al. [13], besides temperature human population density 
was also introduced into the model system as an important variable to differen-
tiate the predation pressure between urban areas and natural regions. In the 
present work, human population density is also applied to determine the envi-
ronmental capacity of mosquito larvae. In this way, habitat availability of both 
mosquito species and their close associations with humans can be better de-
scribed. Furthermore, in order to simulate the seasonal pattern of population 
dynamic and overwintering of both species, the daily mean temperature varia-
tion and winter diapause of Aedes albopictus are taken into account. 
2. Materials and Methods 
The invasion of both Aedes aegypti and Aedes albopictus was simulated in 
one-dimensional cases in Wolfram Mathematica 8.0 at first. The system of reac-
tion-diffusion equations was solved by the numerical methods of lines. Based on 
the work of Richter et al. [13], the model systems was implemented in COMSOL 
Multiphysics (version 4.2a) in order to simulate the invasion of both mosquito 
species at a landscape scale. Here finite element method was applied as the nu-
merical technique. Moreover, temperature and human population density data 
as well as landscape structure were prepared in a geographical information sys-
tem and linked to COMSOL Multiphysics. Geo-referenced annual mean tem-
perature datasets of central Europe were imported from the WorldClim Global 
Climate Data (http://www.worldclim.org/), which provides a series of global 
climate layers with a spatial resolution of about 1 km2. These temperature data 
were then interpolated into COMSOL environment using the two-dimensional 
linear interpolation option in the interpolation menu. Geo-referenced human 
population density data were obtained from DLM250 (digital landscape models 
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at a scale of 1:250,000) of ATKIS (Amtliches Topographisch-Kartographisches 
Information System) of year 2007. Landscape structures were used to control the 
sizes of finite element grids. They were converted from shape files to CAD files 
by using the “Export to CAD” tool from ArcToolbox in ArcGIS. The CAD files 
were then imported into the COMSOL Multiphysics. 
3. Modelling the Spatial-Temporal Dynamics of  
Aedes aegypti and Aedes albopictus in One Dimension 
3.1. Model Equations 
The system of reaction diffusion equations is applied in the present work. The 
general form of reaction diffusion equations is as follows 
[ ] ( )1, ,i i n
u L u f u u
t
∂
= +
∂
                        (1) 
In the present study, the spatial operator has the simple form 
[ ] ( )L u D u= ∇ ∇                           (2) 
The system of equations is presented as follows:  
( ) ( ) ( ) ( )( ) ( )
( ) ( ) ( )
1 A
s
M
A A Af T M T T A f T
t C P A K
M D M vM r T A T M
t
βφ γ µ
γ µ
 ∂
= − − + −  ∂ + 
∂
= ∇ ⋅ ∇ − + −
∂
      (3) 
where A is the population density of aquatic phase, M is the population density 
of winged phase (adult females); Φ is the intrinsic oviposition rate; C(P) is the 
environmental capacity of aquatic phase, which is defined as a function of hu-
man population density P as both species are highly domestic and the available 
breeding sites through the use of artificial containers are closely related to P; 
f(T), γ(T), μA(T), μM(T) are temperature response function of oviposition rate, 
emergence rate, mortality rate of aquatic phase and mortality rate of winged 
phase, respectively; β is the predation rate, whereas Ks is the saturation constant 
of predators; D and v are the diffusion coefficient and advection coefficient of 
winged phase respectively; r is the proportion of females. 
In the model system the life stages of mosquito are divided into an aquatic 
phase (egg, larva and pupa) and a winged (adult) phase. It is assumed that all the 
eggs laid by females can survive and hatch to larvae. The sex ratio of mosquitoes 
is assumed to be 1:1 throughout their whole life stage i.e. r = 0.5, which is plausi-
ble as the study of Delatte et al. [15] showed that the sex ratios of Aedes albopic-
tus is not statistically different from 0.5 within a wide range of temperatures. 
Furthermore, the temperature response function of mortality rate and the ability 
of dispersal for both males and females are supposed to be identical. Additional-
ly, it is assumed that all females can be always copulated effectively, which was 
adopted in the work of Yang et al. [12]. Hence the male phase can be disregarded 
in the model system. The diffusion and advection are only considered for the 
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winged phase. Since the movements of larvae and pupae are mainly constrained 
in small water bodies such as artificial containers, their dispersals are neglected 
here. However, the aquatic phase is subject to predator pressure. The tempera-
ture response of predator pressure is modelled simply by multiplying the preda-
tor pressure term with f(T).  
In the work of Maidana et al. [16], environmental capacity was introduced not 
only to the aquatic phase but also to the winged phase in order to regulate the 
size of the population. In the present work however, only an environmental ca-
pacity for the aquatic phase was applied, since in a natural environment the 
mosquito population is mainly limited by the availability of breeding sites [17]. 
The environmental capacity of aquatic phase is given by a function of human 
population density:  
( ) 0C P C k P= +                           (4) 
where coefficient C0 can be interpreted as the environmental capacity of aquatic 
phase in an environment without human population. In a peridomestic envi-
ronment, the increase of breeding sites through the use of artificial containers by 
adult females for oviposition is considered as a number k of larvae per human. k 
is closely related to the Breteau Index, i.e. the number of breeding sites per one 
hundred houses. In the following simulations, k will be set as 3, which corres-
ponds to a high Breteau Index [18]. 
3.2. Temperature Dependent Entomological Parameters 
The entomological data applied in the present work come from the tempera-
ture-controlled experiment of Yang et al. [12] to access the entomological para-
meters of Aedes aegypti, in which Aedes aegypti strain was captured from Brazil. 
In the work of Yang et al. [12] only polynomials are used as temperature re-
sponse functions for all the entomological parameters. In the present work, dif-
ferent types of temperature response functions which correspond better to the 
biological features are applied for different entomological parameters. The pa-
rameters of these functions are obtained through nonlinear regression (subrou-
tine “Non Linear Model Fit” in Mathematica, based on Quasi-Newton method 
and others). 
To describe the temperature response of oviposition rate f(T), the O’Neil equ-
ation with biological parameters Topt (optimum temperature), Tmax (lethal tem-
perature) and Q10 is applied. 
( )
( )optmax
max opt max opt
exp
p p T TT Tf T
T T T T
 − −  =    − −   
                 (5) 
with  
2
21 401 1
400
p       W W
 
= + + 
 
                     (6) 
and 
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( )( )10 max opt1W  Q T T= − −                         (7) 
According to the experimental data, Tmax and Topt are fixed as 39˚C and 31˚C, 
respectively. The data and temperature response curve of oviposition rate is 
shown in Figure 1. 
The data and fitting curve of transition rate from aquatic phase to winged 
phase are shown in Figure 2. For the temperature response function following 
equation is applied. 
( )
1 2
0
1 2
1 exp exp
r r
T TT n
T T
γ
           = − − −              
               (8) 
Equation (9) is applied as the temperature response function of mortality rate 
of both aquatic phase and winged phase. The data and fitting curves are shown 
in Figure 3. 
( )
1 2
1 2
1 1 exp exp
r r
T TT
T T
µ
           = − − − −              
             (9) 
 
 
Figure 1. The temperature response curve of oviposition rate of Aedes aegypti. 
The measurement data are courtesy of Yang et al. [12]. Estimated model parame-
ter values: Tmax: 39˚C (fixed), Topt: 31˚C (fixed), Φ: 9.35 (day−1), Q10: 2.20. 
 
 
Figure 2. The temperature response curve of transition rate of Aedes aegypti. The 
measurement data are courtesy of Yang et al. [12]. Estimated model parameter 
values: n0 = 0.27 (day−1), T1 = 33.25 (˚C), r1 = 2.86, T2 = 37.16 (˚C), r2 = 63.80. 
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Figure 3. The temperature response curves of aquatic and winged mortality rate of Aedes 
aegypti. The measurement data are courtesy of Yang et al. [12]. (a) fitting curve of aquatic 
mortality rate, estimated parameter values: Ta1 = 7.44 (˚C), ra1 = 1.58, Ta2 = 48.19 (˚C), ra2 
= 6.45; (b) fitting curve of winged mortality rate, estimated parameter values: Tw1 = 1.16 
(˚C), rw1 = 0.42, Tw2 = 42 (˚C) (fixed), rw2 = 14.05. 
3.3. Analysis of the Homogeneous Part 
Based on the work of Richter et al. [13], the stationary solution of winged phase 
M can be obtained as a function of aquatic phase density A easily. 
M
r AM γ
µ
=                             (10) 
By inserting Equation (10) into the right hand side of the first equation of Eq-
uation (3), the stationary solutions of aquatic phase density A can be obtained. 
( ) ( ) ( )
( )
( ) ( ) ( )( ) ( )1 0AM s
r T AA AG A f T T T A f T
C P T A K
γ βφ γ µ
µ
 
= − − + − =   + 
 (11) 
where G(A) is the growth rate of aquatic phase density. 
Equation (11) has three stationary solutions: 
1 0SA =                            (12) 
the minimal viable aquatic phase density:  
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
2
1 )
2
         
s M A M
s
A C P T T C P T T
r T f T
C P r T f T K r T f T W
γ µ µ µ
γ φ
γ φ γ φ
= − ⋅ +
− + − 
   (13) 
and the maximum aquatic phase density:  
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
3
1
2
         
s M A M
s
A C P T T C P T T
r T f T
C P r T f T K r T f T W
γ µ µ µ
γ φ
γ φ γ φ
= − ⋅ +
− + + 
    (14) 
with  
( ) ( ) ( ) ( )( )( ) ( ) ( )( )222 2 2 2A M s A M sW C r f T C f T C K C K r f Tγ µ µ γφ β γ µ µ γφ= + + − + + + + +  
(15) 
The predation term causes a strong Allee effect, i.e. the growth rate is negative 
when the population density lies below a critical value [19], which is illustrated 
in Figure 4(a).  
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The criterion of stability ( ) stationary
G A
A A
A
λ
∂
= =
∂
 [19] as a function of tem-
perature is shown in Figure 5. The states A = 0 and A = As3 are stable, whereas 
state A = As2 is unstable. 
The stationary solutions are governed by temperature T, predation pressure β 
and human population density P. All these three parameters determine the re-
gions of viability. In the case of Figure 4 the influence of human population 
density is not considered. Figure 4(b) shows the three stationary solutions as 
functions of predation pressure β (T fixed). The bifurcation points β1 and β2 are 
specially marked. The Allee effect occurs only when the predation pressure is  
 
 
Figure 4. Analysis of stationary solutions without the consideration of human population 
(modified after Richter et al. [13]). (a) Growth rate as a function of aquatic phase density 
(T = 20˚C, β = 0.7 C0 (day−1), Ks = 0.01 C0); (b) Bifurcation diagram with predation pres-
sure as bifurcation parameter (T = 20˚C, β = 0.7 C0 (day−1), Ks = 0.01 C0); (c) Bifurcation 
diagram with temperature as bifurcation parameter; (d) Bifurcation surface with both 
temperature and predation pressure as bifurcation parameters.  
 
 
Figure 5. Stability analysis of the three stationary states as a function of temperature. C0 = 
1000 (larvae/habitat). (a) β = 0.7 C0 (day−1), (b) β = 0.3 C0 (day−1). 
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higher than β1. If predation pressure is larger than β2, the Allee effect is so 
strong that it leads to only one stable state i.e. zero state. If the predation pres-
sure lies between the two bifurcation points, there are two stable states which are 
separated by an unstable state (the dashed line). In Figure 4(c) the stationary 
solutions as a function of temperature T is represented (β fixed). Two bifurca-
tion points are noted as T1 and T2. A region of viability exists between T1 and T2. 
In Figure 4(d) a three dimensional plot of the solution surfaces are obtained by 
making both temperature and predation pressure as bifurcation parameters. The 
upper solution surface is locally stable, whereas the lower surface is unstable se-
parating the regions of attraction of the upper surface (maximum aquatic densi-
ty) from that of the zero plane, which is locally stable in a certain region due to 
the strong Allee effect. 
3.4. Seasonal Pattern of Population Dynamic of Aedes aegypti and  
Aedes albopictus 
In a real environment mosquitoes are exposed to seasonal temperature varia-
tions. The population dynamics of mosquitoes as well as the transmission rate of 
Dengue fever fluctuate in different seasons significantly. The winter temperature 
is a decisive factor determining the permanent breeding zones of Aedes aegypti 
and Aedes albopictus in a region. Unlike Aedes albopictus, Aedes aegypti cannot 
produce winter diapausing eggs, hence its main distribution regions are limited 
in tropical and subtropical regions since it is not able to resist the cold winter 
temperatures in temperate regions. Aedes albopictus however, can survive the 
winter temperature in many temperate regions in the form of diapausing eggs. 
In Europe, it has already established itself stably in many regions of southern 
Europe, and poses recently a great threat to central Europe. Therefore, the sea-
sonality is introduced to the model system. At the mean time the mechanism of 
winter diapause of Aedes albopictus will be modeled as the primary difference to 
Aedes aegypti. 
To describe the seasonal temperature variation a simple sine-function (Equa-
tion (16)) is applied, where Tm and Tr are annual mean temperature and daily 
mean temperature range, respectively (see Figure 6(a)). Coefficient t0 deter-
mines the phase of the sinusoid. If t0 is set as 107, then the annual minimum 
temperature comes on day 16 (January 16), whereas the highest temperature 
occurs on day 198 (July 16).  
0( ) sin 2π
365
t tT t Tm Tr − = +  
 
                   (16) 
Aedes aegypti 
Figure 6 demonstrates the seasonal population dynamics of Aedes aegypti for 
both aquatic and winged phase. Aedes aegypti is introduced on day 0 
(mid-March) at origin. The human population density in the study area is 2000 
(1/km), while predation pressure β is 0.3 C0 (day−1). The temperature variation is 
shown in Figure 6(a) with an annual mean temperature of 18˚C and a daily  
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Figure 6. Population dynamics of Aedes aegypti under the consideration of seasonality. 
(a) mean daily temperature variation with Tm = 18˚C, Tr = 6˚C, t0 = 107; (b) seasonal var-
iation of aquatic phase density; (c) seasonal variation of winged phase density; (d) sea-
sonal variation of both aquatic and winged phase density at origin. 
 
mean temperature range of 6˚C. In Figure 6(b) and Figure 6(c) the propagation 
of Aedes aegypti as well as seasonal variation of aquatic phase density and 
winged phase density are illustrated with a three dimensional plot, respectively. 
In Figure 6(d) densities of both phases at origin as a function of time are shown. 
As demonstrated in Figure 6(d), the patterns of population dynamics of both 
phases coincide with each other very well. In both phases, the maximum popula-
tion density is reached in mid-August, whereas the minimum density comes at 
the end of February.  
Aedes albopictus 
Winter diapause of Aedes albopictus is mainly governed by temperature and 
photoperiod. According to the study of the seasonal dynamics of hatching and 
oviposition rate of Aedes albopictus in Rome [20], the onset of hatching in 
spring happens, when the mean temperature reaches 10˚C to 11˚C and day 
length surpass over 11 - 11.5 h of light. Dramatic decrease of the hatching rate of 
summer eggs during autumn occurred during mid-September, when the day 
length declines below 14 h of light. However, about 21% of eggs kept hatching 
when the temperature was still higher than 10˚C. In the present work, only tem-
perature was considered as the trigger factor for the onset and ending of winter 
diapause. In order to simplify the model, a sigmoid function i.e. Equation (17) is 
applied to control both the starting of hatching in spring and the entering of di-
apause in autumn (see Figure 7). The model system is then modified from Equ-
ation (3) to Equation (18). 
( ) ( )0 0
1
1 e k T T
WP T
− −
=
+
                        (17) 
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( ) ( ) ( ) ( ) ( )( ) ( ) ( )
( ) ( ) ( ) ( )
1 A
s
M
A A Af T M WP T T T A f T WP T
t C P A K
M D M M WP T r T A T M
t
βφ γ µ
γ µ
 ∂
= − − + −  ∂ + 
∂
= ∇ ⋅ ∇ − + −
∂
v
(18) 
A compare of the observation data and simulation results is made in order to 
evaluate the plausibility of the model. According to the study of [20] in Rome 
during 2000, adult Aedes albopictus mosquitoes were found to be active since 
late March, and were most abundant at the end of August (week 35). After that, 
summer egg production decreased rapidly in week 36. A small number of adults 
could be found until the end of December. Totally, this species was found to be 
active for about 10 months during a year. 
To simulate the population dynamics of Aedes albopictus in Rome, a temper-
ature variation curve was obtained by fitting the temperature function i.e. Equa-
tion (16) to the temperature data provided by the Ufficio Centrale di Ecologia 
Agraria [20] (see Figure 8(a)). The simulation results are shown in Figure 8(b). 
Since the unfavorable temperatures for the population development between 
10˚C and 15˚C last for a relative long period by the given temperature course, a 
predation pressure of 0.3 C0 (day−1) leads to the dying out of this species. Hence 
a relative low predation pressure of 0.1 C0 (day−1) was given. This is reasonable, 
since in a densely populated city like Rome the predation pressure is relative low. 
 
 
Figure 7. Winter diapause function of Aedes albopictus. T0 = 11˚C, k0 = 5. 
 
 
Figure 8. The temperature variation and population dynamics of Aedes albopictus in 
Rome. (a) The temperature variation of Rome in 2000, data from UCEA [21]; (b) Simu-
lated population dynamics of aquatic and winged phase of Aedes albopictus. 
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According to the simulation results, the winged phase is active since around day 
100 (early April), and its density peaks in week 34. During the winter, a small 
population of winged phase stays active until the beginning of January. The si-
mulation results described above fit well with the observation data of [19], which 
verifies that the model for the winter diapause is reliable. However, a rapid de-
crease of the summer eggs is only found until the end of October (around week 
48), which is not consistent with the observation. The reason lies in the fact that 
photoperiod is the primary trigger for the production of winter diapausing eggs 
[20], which is however not taken into account in the model. 
4. Modelling Large Scale Invasion and Control of  
Aedes aegypti and Aedes albopictus in Central Europe 
4.1. Dispersal of Aedes aegypti and Aedes albopictus in Central  
Europe 
Based on the simulations in one dimension, the dispersal of both mosquito spe-
cies are simulated at a landscape scale. Since temporary breeders like Aedes ae-
gypti and Aedes albopictus can adapt well to the peridomestic environment, 
where predator pressure are much lower than that in a natural habitat, Equation 
(19) is applied to distinguish the significantly different predator pressures be-
tween urban areas and natural regions [13]. 
( ) ( )max
,
, exp
n
tr
P x y
x y
P
β β
  
 = −    
                   (19) 
By using the parameters listed in Table 1 the invasions and spreads of Aedes 
aegypti and Aedes albopictus in central Europe were simulated for a period of 
three years. Both mosquito species are introduced in Frankfurt during middle 
April. For all the four boundaries Dirichlet boundary condition was applied 
which assumes that the mosquito population density stays zero on the bounda-
ries of the domain. The simulation results are shown in Figure 9 to Figure 13. 
In Figure 9 and Figure 10 the population dynamic of Aedes aegypti in both 
aquatic as well as winged phase in different times of year are demonstrated. Af-
ter the introduction in Frankfurt during late March, this species has established 
itself well in densely populated urban areas and gradually spread towards adjacent 
 
Table 1. Summary of model parameter values. 
Parameter Standard value Dimension 
βmax 700 1/(km2·day) 
Ks 10 1/km2 
Ptr 500 1/km2 
n 4 1 
D0 0.083 km2/day 
C0 1000 1/km2 
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Figure 9. Population dynamics of Aedes aegypti (aquatic phase). (a) middle June (year 1); (b) mid-
dle August (year 1); (c) middle October (year 1); (d) middle November (year 1). 
 
 
Figure 10. Population dynamics of Aedes aegypti (winged phase). (a) middle June (year 1); (b) 
middle August (year 1); (c) middle October (year 1); (d) middle November (year 1). 
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Figure 11. Population dynamics of Aedes albopictus (winged phase). (a) middle November (year 
1); (b) end May (year 2); (c) middle August (year 2); (d) end August(year 2). 
 
 
Figure 12. Population dynamics of Aedes albopictus (aquatic phase). (a) middle November (year 
1); (b) end May (year 2); (c) middle August (year 2); (d) end August (year 2). 
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Figure 13. Population dynamics of Aedes aegypti and Aedes albopictus in Frankfurt. (a) winged phase; (b) aquatic phase. 
 
regions. The most abundant population densities of both phases are found in 
middle August (see Figure 9(b) and Figure 10(b)). After that, this species 
spreads although further, its population density decreases as a result of the re-
duction of ambient temperature. Till the middle of November, both phases of 
this species have almost disappeared from the whole study area. 
Similar as adults Aedes aegypti, adults Aedes albopictus have almost died out 
since the middle of November (see Figure 11(a)). However, this species can sur-
vive the cold winter in the form of diapausing eggs, which is demonstrated by 
Figure 12(a). At the end of May in the following year adult mosquitoes begin to 
be active after winter diapause (see Figure 11(b)). However, the population 
density of aquatic phase reduces (see Figure 12(b)). The winter eggs begin to 
hatch, but only a small portion of eggs can be reproduced since the population 
density of adult mosquitoes is still rather small during this period. This species 
establishes itself gradually faster and spreads further and further as the ambient 
temperature rises, colonizes new urban areas and reaches their highest popula-
tion density in the middle of August once more (see Figure 11(c) and Figure 
12(c)). At the end of August, the population densities of both phases begin to 
reduce rapidly (see Figure 11(d) and Figure 12(d)), at the mean time winter 
diapausing eggs start being produced. 
In Figure 13 the population dynamics of both mosquito species in Frankfurt 
during the whole simulation period are illustrated. The population dynamics of 
both species are quite similar with each other until the end of September of the 
first year since the same biological parameters were applied. Aedes aegypti can-
not survive the cold winter in the Upper Rhine Valley. In contrast, Aedes albo-
pictus can survive in this region and thrill in urban areas during summer. In 
Rome, where the annual mean temperature is 17.2˚C during 2000 (see section 
3.4), adults Aedes albopictus begin to be active since late march and can extend 
its period of activity for about 10 months per year [20]. In Frankfurt, where the 
annual mean temperature is 9.7˚C, the active time reduces to about 6 month. 
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4.2. Effect of Temperature on the Dispersal of Aedes albopictus 
Belonging to the top 100 invasive species of the world, Aedes albopictus has 
successfully invaded the southern Europe during the last decades. The distribu-
tion of this species in Europe may be altered dramatically in the future as a result 
of the climate change. Reliable regional climate change projections for Europe 
are available in the IPCC’s Fourth Assessment Report (AR4), which are based on 
variety of simulations under different emissions scenarios. Under the A1B sce-
nario, an annual mean warming for 2080 to 2090 (with respect to 1980 to 1990) 
varies from 2.3˚C to 5.3˚C in the northern Europe and 2.2˚C to 5.1˚C in the 
southern Europe and Mediterranean region [22]. 
In the following scenarios the range expansion of Aedes albopictus will be si-
mulated under current temperature as well as a mean temperature rise of 2˚C. 
The population is introduced in Frankfurt during middle April. A totally dis-
persal of 20 years of this species was simulated. The range expansion of Aedes 
albopictus under current temperature and under a temperature increase of two 
degrees were demonstrated in Figure 14 and Figure 15, respectively. 
Comparing these two figures one can find that under a temperature rise of 
2˚C Aedes albopictus can spread much faster. For example, 10 years after intro-
duction the expansion range of this species under a temperature increase of two 
degrees is considerably larger than that of the species under the current temper-
ature (Figure 14(b) and Figure 15(b)). 
As shown in Figure 14(c) and Figure 14(d), under current temperature the 
range expansion of Aedes albopictus has not changed significantly from year 15 
to year 20. The mountainous areas have obviously acted as great barriers for the 
dispersal of this species from north area towards southeast area in the study area. 
Aedes albopictus is mainly limited in the west of the Swabian Jura and Franco-
nian Jura (two mountain ranges in southern Germany). However, this species 
can pass through the small warm areas between mountain regions and even co-
lonize new urban areas in south-eastern Germany under a temperature increase 
of two degrees, which is demonstrated in Figure 15(d). 
Under a higher temperature Aedes albopictus can establish itself more abun-
dantly. Additionally, the increase of temperature can reduce the minimum viable 
population density for this species. As a consequence, the regions, which are not 
favorable for this species under the current temperature, can become suitable 
areas as the mean temperature rises. 
5. Conclusions and Recommendations 
In the present work, the spatial-temporal population dynamics of two invasive 
mosquito species, Aedes aegypti and Aedes albopictus, were qualitatively and 
quantitatively analyzed by using compartment models based on biology and ha-
bitat preference of both species. As specialties, the Allee effect, seasonal varia-
tion of ambient temperature, dependency of predation pressure on the human 
population density as well as winter diapause as the overwintering strategy of  
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Figure 14. Range expansion of Aedes albopictus under current temperature. (a) 5 years after intro-
duction; (b) 10 years after introduction; (c) 15 years after introduction; (d) 20 years after introduction. 
 
 
Figure 15. Range expansion of Aedes albopictus under a temperature increase of two degrees. (a) 5 
years after introduction; (b) 10 years after introduction; (c) 15 years after introduction; (d) 20 years 
after introduction. 
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Aedes albopictus were considered in the simulation. Moreover, the range expan-
sions of both mosquito species in central Europe were simulated at a landscape 
scale. The effect of temperature rise relating to global warming on the range ex-
pansion of Aedes albopictus was also simulated.  
The main conclusions of the present study are listed as follows. 
1) Since both Aedes agypti and Aedes albopictus are highly domestic, human 
population density can affect the invasion speed as well as expansion range of 
both species. Densely populated urban areas provide not only abundant breed-
ing sites, but also safe habitats with low predator pressure for both mosquito 
species. 
2) Introduction of seasonal temperature variation is vital for the simulation of 
permanent establishment of both mosquito species in a region. Minimum winter 
temperature and predation pressure are two primary limiting factors for the 
permanent breeding of Aedes aegypti in temperate regions, whereas predation 
pressure and duration of unfavorable temperature after winter diapause deter-
mine the successful overwintering of Aedes albopictus in temperate regions. 
3) Central Europe is not likely to become a permanent breeding region for 
Aedes aegypti, since this species is not able to survive the winter temperatures in 
this region. However, some densely populated urban areas like Frankfurt may 
become its “temporary regions”, when it is introduced during months with fa-
vorable temperature. 
4) Under the current temperature, southwestern Germany, especially the areas 
along the Upper Rhine Valley, can provide suitable habitats for the permanent 
establishment of Aedes albopictus. It can also survive the winter temperatures in 
this region in the form of diapausing eggs. Hence persistent surveillance and 
control of Aedes albopictus in this area are necessary. 
5) Ambient temperature exerts a significant influence on the propagation of 
Aedes albopictus in central Europe [13]. While this species spreads relatively 
slowly and its expansion range is largely limited by the mountain areas at the 
current temperature, with an annual mean temperature rise of two degrees it can 
propagate much faster and cross some mountainous areas in southwest Germa-
ny. 
The model employed in the present work is based on the biology as well as 
ecological niche of both mosquito species. However, related to both aspects there 
are some limitations in the model as a result of the shortage of available data and 
insufficient research.  
One of the major objectives of this work was to simulate the invasion of Aedes 
aegypti and Aedes albopictus in central Europe. Since there are abundant varia-
tions in genes, morphology and ecology of both species around the world [23] 
[24], temperature-controlled experiments with both species conducted with the 
strains that have already been present in Europe or adjacent regions are neces-
sary. For example, Aedes albopictus strains for study should be directly captured 
from Italy, southern France or Switzerland, since the risk of invasion of this spe-
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cies from these regions into central Europe is greatest. 
Besides studies focusing on entomological parameters, more quantitative stu-
dies or surveillance programs on habitat preferences and biological invasions of 
both mosquito species should be performed. Some parameters in the model sys-
tem like environmental capacity, predation pressure or diffusion coefficient are 
dependent on many factors, which makes direct measurements very difficult. So 
it would be more practical if these parameters were indirectly estimated through 
model calibration. For example it would be quite meaningful if the present mod-
el was first applied to simulate the range expansion of Aedes albopictus in Italy. 
This species has invaded Italy since 1990, and has now spread to most areas of 
the country with an altitude below 600 m [25]. The model would be more plaus-
ible if parameters were adjusted by comparing the simulation results with ob-
servation data collected for more than twenty years. 
In the present work the influence of microclimate on the invasion and per-
manent establishment of both species was not considered in the simulation. It is 
very likely that Aedes aegypti will be able to find necessary protections against 
winter weather (for example, through breeding in artificial containers) in some 
cities in North America [2] [26]. Other factors which can significantly affect mi-
croclimate and hence determine the survivorship of mosquito species should al-
so be taken into account in further work. Additionally, besides temperature, the 
change of other environmental conditions such as precipitation should also be 
considered when simulating the effect of climate change on the establishment of 
both species in central Europe. 
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